Abstract-A lossless dielectric object situated in a lossy dielectric medium (soil) constitutes a void in a conducting background, which can be detected via an electromagnetic-induction (EMI) sensor operating at appropriate frequencies. The electromagnetic character of this void is dependent on the target and soil properties, as well as on the frequency of operation. We utilize the rigorous method of moments (MoM) and the approximate extended-Born technique to model this three-dimensional (3-D) problem. The modeling algorithms are discussed in detail, with a focus on efficient computation of the dyadic Green's function at the frequencies of interest. The MoM results are used to calibrate the accuracy of the approximate extended-Born solution, over a wide range of operating conditions. Furthermore, the computer simulations are used to perform a detailed phenomenological study.
I. INTRODUCTION
T HERE are many applications for which one may be interested in sensing a low-loss dielectric target embedded in a lossy host medium. For example, buried plastic land mines [1] - [4] , plastic pipes [5] , and underground tunnels generally constitute voids in the presence of a lossy soil background. While such targets can in principle be detected by a radar sensor [1] - [5] , radar suffers well-known difficulties due to soil-induced attenuation [1] . An electromagnetic-induction (EMI) sensor [6] , [7] on the other hand, affords the potential for significant soil penetration. Such sensors are typically used as metal detectors, with example applications including detection of buried conducting land mines and unexploded ordnance [8] - [10] . As elucidated here, such sensors can also be used to detect the absence of conductivity (a void) in the presence of a conducting host medium. Our focus here is on generally small, shallow targets (e.g., plastic mines), although the computer model is quite general. For such a problem, while the target's electrical properties cannot be changed, those of the host soil can. We therefore address the character of the EMI conductivity-void signature as a function of soil water content. The objective is to increase the soil conductivity by increasing the soil water content [1] , thereby enhancing the conductivity contrast between the plastic target and soil, yielding an increased target signature. Clearly, many types of clutter may also Manuscript received June 4, 1999; revised November 30, 1999 . This work was supported in part by the U.S. Joint Unexploded Ordnance Coordination Office, Adelphi, MD, and in part by the DoD Multidisciplinary University Research Initiative (MURI) in demining.
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manifest a void in a conducting background (e.g., tree roots, rocks, etc.). Therefore, the objective is to use the EMI-based void detector as a queuing device for other devices such as chemical sensors [11] , these also being applicable to land mines with low or no metal content. Furthermore, although not pursued here, our forward model could be applied in the context of inverse scattering [6] to yield improved information on the details of the subsurface target (void).
The rigorous modeling of EMI interaction with a buried void in a conducting host medium presents several challenges. Focusing on a frequency-domain, integral-equation analysis [2] , [12] - [15] , one must carefully evaluate the dyadic layered-medium Green's function [2] , [12] - [15] for a layered-medium soil model. For radar-based problems, the method of complex images [2] , [14] , [15] has proven a very efficient and accurate tool for the analysis of the requisite Sommerfeld integrals [2] , [12] - [15] . However, we have found this technique less useful for the EMI frequencies of interest here. Consequently, we have employed efficient interpolation-based Green's-function computation, similar in spirit to that presented in [12] .
Having realized an efficient and accurate technique for Green's-function computation, we are still left with the problem of solving the integral equation. We have here applied a volumetric electric field integral equation (EFIE) [12] , in which the unknowns are the total electric fields inside the dielectric target for a known heterogeneity between the target and the background (soil) medium [12] . Such an EFIE is often solved via a volumetric method of moments (MoM) solution [12] . While a MoM analysis is accurate, it generally requires the inversion of a large matrix. This task is circumvented by employing the extended-Born method [16] , [17] . This is an approximate method that only requires inversion of simple 3 3 matrices. The attendant speed enhancement accrued by extended-Born, vis-a-vis the MoM, is critical if the model is to be utilized in the context of signal processing and/or inverse scattering [18] . An example of employing sophisticated scattering models in the context of target detection and classification can be found in [1] .
While the reduced computational complexity of extended-Born is attractive, it is important that the results not suffer markedly in accuracy. Therefore, in the work reported here, we perform a detailed frequency-dependent comparison between the rigorous MoM and approximate extended-Born solutions. This test is performed using parameters from an actual EMI sensor [7] for several different target and soil scenarios. In the context of these comparisons, we also investigate the phenomenology underlying EMI-based buried-void detection.
0196-2892/00$10.00 © 2000 IEEE The remainder of the paper is organized as follows. In Section II, we review the electric-field integral equation characteristic of the buried-void problem. We discuss the integral-equation solution in the context of both the rigorous MoM and the approximate extended-Born methods. In this section, we also elucidate the technique applied for Green's-function evaluation. A detailed comparison is performed in Section III between the MoM and extended-Born solutions, wherein we also address the associated wave phenomenology. Finally, conclusions are addressed in Section IV.
II. THEORY

A. Electric Field Integral Equation and MoM Solution
The volumetric EFIE for the layered-earth model has been derived in [12] , and therefore here is only provided a summary. Assume that represents the electric field at the position and that represents the incident fields produced by the excitation in the absence of the target. Using to denote the dyadic, layered-medium Green's function, we have [12] (1)
where an exp time dependence is assumed and suppressed. In (1) , represents the inhomogeneous dielectric constant of the background layered medium, and represents the dielectric constant of the generally inhomogeneous target, with the latter assumed (for numerical simplicity) to reside entirely within a single layer of . In general, the layered background medium and the target are lossy and therefore, both and are complex [19] .
For a known excitation , (1) implies that knowledge of the total electric field inside the target can be used to calculate everywhere. Therefore, the problem reduces to solving for the total electric field for inside the target volume . In the MoM solution, we expand the unknown for in terms of known basis functions with unknown coefficients (2) where and unit vectors in Cartesian coordinates; , and unknown basis-function coefficients; , and known basis functions for the electric field in the and directions, respectively. As in [12] , we utilize simple cube expansion functions for all and . Employing (2) inside the integral in (1) and applying point matching [20] inside each of the basis-functions (cubes), we attain the MoM matrix equation (3) where MoM "impedance" matrix; vector representing the unknown coefficients , and ; vector representing the point-matched incident electric field (at the center of each cubic basis function). One can use (3) to solve for the unknown , this constituting the procedure applied in [12] . The MoM, representing a rigorous analysis, constitutes a reference solution. However, we are also interested in developing a more efficient, albeit approximate, solution. This is motivated by the fact that an LU-decomposition solution of (3) is of order complexity, while an iterative, conjugate-gradient (CG) solution [21] has complexity of order , where is the number of CG iterations ( may approach if a good preconditioner is not used). For large , such computations can become prohibitive. Independent of the matrix solver, order complexity is required to fill the matrix . Some of the complexity of the MoM solution can be reduced by exploiting convolutional properties of the integral equation [22] through use of the fast Fourier transform (FFT).
B. Extended-Born Solution
The extended-Born method is an approximate technique first developed in [16] , [17] . Here we extend this algorithm to threedimensional layered-media, for a realistic excitation. The algorithm is summarized as follows. The "extended-Born" approximation [16] , [17] is based on recognizing that is large for in the vicinity of , while being relatively small for distant from . Consequently, from (1) we have for (
Rearranging (4), we find for (5) where is a 3 3 diagonal matrix with . The expression in (5) yields an approximation for the electric fields inside the target, which can be used in (1) to find the fields everywhere (i.e., for ). Note that the inverse of approximately accounts for multiple interactions, yielding a nonlinear algorithm in . Note that the aforementioned property of driving the extended-Born solution (namely, that is large for in the vicinity of ) is true for general Green's functions, including that for the layered-media considered here. Moreover, the approximation is enhanced if the medium in which resides is lossy, such as for a target buried in lossy soil.
If the integral term in (5) is ignored, extended-Born reduces to the classical Born approximation. Moreover, the extended-Born approximation involves the inversion of a 3 3 matrix for each . These matrices are computed by representing as an aggregate of three-dimensional (3-D) cubes [16] , [17] , similar to (2) , except now the dielectric inhomogeneity is a scalar, rather than vector electric field. We compute at the that constitute the centers of the cubes. Consequently, we need to invert matrices, constituting order complexity. Since we need only store and then discard a distinct 3 3 matrix for each of the points inside the target, memory requirements of extended Born are also substantially less than those of the MoM.
C. Green's Function Evaluation
As described in [12] , [13] , each term in the dyadic Green's function can be expressed in terms of functions of the form (6) where the path of integration is the traditional Sommerfeld contour [12] , [13] . Each dyadic component generally consists of a "direct" term, corresponding to source radiation in a homogeneous medium, plus a "reflection" term, corresponding to interaction with the layer boundaries. Each direct term is integrated in closed form using the Sommerfeld or Weyl identity [23] (7)
A useful tool for integration of the remaining "reflection" term is the complex image technique [2] , [14] , [15] . While this has proven a very powerful tool for radar applications [2] , [15] , we have found it much less reliable for the EMI frequencies (kHz) of interest here.
To circumvent these difficulties, we have employed a technique related to that discussed in [12] . In particular, note from (6) that the (generally complicated) functions are independent of the radial distance , the latter accounted for by the Bessel function. We therefore precompute the required for the "reflection" term of each dyadic component for the range of and of interest. This tabulation is performed along a path in the complex plane [24] , along which the are generally slowly varying (see Fig. 1 ), thereby reducing the number of discrete complex that need be considered to accurately represent . This deformed path of integration therefore reduces the required spectral-domain tabulation. The spectral-domain table thus established, we now evaluate the requisite integrals of the form in (6) for the range of required (dictated by the target size). We thereby generate a table of the dyadic Green's function components in the domain, discarding the one-by-one, as they are no longer needed. Dividing Green's function tabulation into a separate, initial spectral-domain computation, followed by conversion to the space domain, results in significant savings, for we need only calculate the requisite once for a given and (for all ). Interpolation in the space is performed as in [12] .
III. EXAMPLE RESULTS
A. Preliminaries
All computations are performed using parameters characteristic of an actual wideband EMI sensor, termed the GEM-3 [7] . The parameters of the GEM-3 are detailed in Fig. 2 . The two excitation loops are designed with radii and currents such that the normal component of the magnetic field vanishes along the consideration of the branch points and surface-wave poles (for layered medium). Contour C is chosen such that the poles and branch points are avoided, and the variation of the spectral domain Green's function is relatively smooth. The left branch cut emanates from branch point k and the right from k (" ) , where k is the free-space (top layer) wavenumber, and " is the relative dielectric constant of the bottom-most layer in a multilayered environment. Fig. 2 . Schematization of the current loops employed by the GEM-3 EMI sensor [7] . The radii are R0 = 4 cm, R1 = 26 cm, and R2 = 15:84 cm, and the currents are I1 = 10 A and I2 = 6 A. The loop of radius R0 is wound 600 times. coil axis (if the sensor is in a vacuum). A third, smaller loop is placed along the sensor axis. This is used to measure the induced voltage. Consequently, the induced voltage is ideally zero unless the sensor is placed in the vicinity of a field-disturbing medium (e.g., a soil half space and possibly a buried target). In the computations presented here, the incident fields due to the two current loops, in the presence of a lossy layered medium, are computed rigorously by integrating the loop currents with the dyadic layered-medium Green's function [12] , [13] . Moreover, the induced voltage is computed via Faraday's law as (8) where integration is performed over the planar surface of the inner loop (with unit normal ). The induced magnetic fields are computed by integrating the electric fields induced inside the target (computed via MoM or extended-Born) with the dyadic Green's function. In general, the currents on the excitation loops change in the presence of the induced EMI fields (due to the presence of a target), although this relatively small effect is ignored here. Fig. 3 . Space-dependent electric fields E E E (V/m) 10 cm beneath and parallel to the surface of the GEM-3 sensor. The spatial dimensions are meters, and the imaginary part of E E E is plotted. The real part is similar. Note that, as designed, the GEM-3 fields are very small along the sensor axis (origin of this plot).
In the subsequent set of results, we consider several target/soil scenarios, with the induced electric fields inside the target computed by both the extended-Born (approximate) and MoM (reference) methods. The results of the MoM allow quantitative assessment of the extended-Born accuracy for the problem of interest here. Further, the set of examples cover a range of wave phenomenology.
Before proceeding to the results, we note a numerical issue that arose while addressing the computations. It is well known that, for subsectional basis functions, we typically require ten basis functions per wavelength to accurately solve integral equations of the type considered here. For EMI problems, the wavelength is generally much larger than the target dimensions, so this condition on the number of basis functions does not present an issue. From Section II, however, it is also clear that the spatial discritization must be sufficiently fine to accurately represent the fields excited by the EMI sensor in the absence of a target. As shown in Fig. 2 , the GEM-3 has two excitation coils, which generate fast field gradients at positions away from the loop axis. This issue must be considered carefully when discretizing the target. The gradients in are most significant for shallow targets (near the excitation loops), with such becoming less severe for deeper targets. An example of at a depth of 10 cm is shown in Fig. 3 (at 500 KHz). In the results presented here, we systematically increased the number of subsectional basis functions until numerical convergence was achieved.
B. Single Target
In our first set of results, we consider the GEM-3 response due to a fixed buried target as a function of the soil properties and the EMI frequency. With regard to the soil properties, measurements have been performed for soil samples taken from the Yuma Proving Ground, Yuma, AZ [1] . These measurements are extrapolated to the EMI frequencies of interest here. We have found that the frequency-dependent relative permittivity is well modeled by , where and are constants, and is the conductivity (S/m). The conductivity term accounts for the frequency dependence of the complex . The Table I ). The curves represent the MoM solution, and the points are the results of the extended-Born method.
and used here are tabulated in Table I as a function of the soil moisture content (percentage water by weight).
In Fig. 4 , we plot the frequency-dependent GEM-3 response due to a lossless cube target of 16 cm sides and dielectric constant , buried to a depth of 12 cm between the airground interface and the target's top surface. The GEM-3 coils are parallel to the soil interface, at a height of 4 cm above the soil, with the sensor axis oriented through the target center. In  Fig. 4 , the curves represent the results of the MoM, where the points denote computations from the extended-Born method. The results in Fig. 4 are for the magnitude of the voltage. For these results, the imaginary component of the voltage is two orders of magnitude below its real counterpart. The three principal observations from Fig. 4 are the following.
1) The induced voltage increases with EMI frequency.
2) The extended-Born method yields results that are in close accord with the reference MoM results.
3) The increased target-soil contrast with increasing water content yields the expected increase in the target signature.
Note that at 20% water content (see Table I ), there is a substantial contrast between the target and soil, but the extended-Born method still yields quite accurate results. The extended-Born solutions are also significantly more efficient than the MoM computations. For these computations, we utilized 512 cubes (1536 unknowns). For computation of the electric fields induced inside the target, less than 1 minute was required for the extended-Born solution, while greater than 12 min were required for the MoM computations. All computations reported here were performed on a typical Pentium II personal computer. For both the MoM and extended-Born solutions, we precomputed the dyadic Green's function table (see Section II-C), and this required approximately 5 min of CPU time on a personal computer.
For classification of the subsurface target, the spatial variation of the EMI signature is also of importance. In Fig. 5(a) and (b), we plot the space-dependent EMI signature of the GEM-3 sensor at 10 kHz for target depths of 25 and 45 cm. The sensor coils are parallel to the air-ground interface, at a height of 2 cm above the soil. For this example, we consider a lossless spherical target of 10 cm diameter and 3.5, and the target depth is defined relative to the target center. As before, the solid curves represent the MoM results, while the points denote the extended-Born solution. These results were computed using 257 cubes, and the relative computational requirements of the MoM and extended-Born results were similar to those required for Fig. 4 . The voltage magnitude is plotted, and again, the imaginary part of the voltage is two orders of magnitude smaller than that of the real part. For the target considered here, we note that the maximum signal response does not occur when the sensor axis is aligned with the target center. This is attributed to the details of the fields emitted by the sensor (see Fig. 2 ). In particular, the maximum excitation fields occur slightly away from the sensor center, as dictated by the sensor design (dictated by the goal of achieving a null voltage when the sensor is in a vacuum). Fig. 5 indicates the expected reduction in the sensor response with increased target depth. Moreover, the discrepancies between the MoM and extended-Born solutions are more apparent in the space-dependent results of Fig. 5 . In particular, note that the extended-Born error increases as the soil moisture content increases. This is representative of an increased contrast between the target and background. Nevertheless, the extended-Born results faithfully reproduce the principal characteristics of the EMI signature.
C. Multiple Targets
The MoM and the extended-Born software are easily adapted to targets of arbitrary shape, including composite targets. In the next set of results, we consider two distinct objects in the sensor's field of view. As indicated in Fig. 6 , we consider the GEM-3 response due to proximate square and cylindrical targets, with the sensor operating at 5 MHz (this frequency is chosen arbitrarily). For this example, the complex dielectric constant of the soil is characterized by , and S/m, and both lossless targets have a real dielectric constant . The space-dependent EMI responses, as computed via MoM and extended-Born, are shown in Fig. 7 . We note that the MoM and extended-Born so-(a) (b) Fig. 5 . Space-dependent EMI signature of the GEM-3 sensor at 10 KHz, for a lossless spherical target of 10 cm diameter and " = 3.5. The sensor is 2 cm above the air-ground interface, and the target depth is defined relative to the target center. Results are plotted for various soil types, distinguished by the percentage of water content by weight (see Table I lutions are in close agreement. Furthermore, the geometrically larger cylindrical target yields an EMI signature of considerably larger amplitude than the smaller square target. In Fig. 7 , we again plot the magnitude of the EMI voltage, the imaginary component of which is again two orders of magnitude smaller than the real component. Similar space-dependent signatures and agreement between MoM and extended-Born solutions was found for all multiple-target tests we considered, although space limitations preclude demonstration of all such examples.
IV. CONCLUSIONS
A rigorous MoM and approximate extended-Born analysis have been developed for the EMI response of a buried low-loss target embedded in a lossy half space (soil). This research is applicable to many scenarios, in which an EMI sensor may be deployed to sense low-metal-content buried targets (e.g., buried plastic land mines). It has been demonstrated that the highly efficient extended-Born method consistently yields space-and frequency-dependent results that are in close agreement with the reference MoM solution. While the properties of the buried target cannot be changed, those of the soil can. In particular, we have demonstrated the expected strong enhancement of the EMI signature with an increase in the soil water content. It is important to emphasize that this phenomenon (increased water content) is also expected to enhance the electrical contrast for radar applications. However, unlike EMI, the radar excitation is generally severely attenuated as the soil water content increases [1] .
We note from Table I that relatively strong electrical contrasts have been considered here and that for such cases, the extended-Born method has been in good agreement with the MoM reference solution. We attribute this accuracy to the loss in the background soil (from Table I for the cases examined, the conductivity increases with increasing soil dielectric constant), which enhances the accuracy of the approximation to , discussed in Section II-B. Nevertheless, extended-Born is an approximation, and it will breakdown as the contrast and target electrical size increases. In this paper, we have sought to consider soil contrasts and target sizes consistent with what may be found in practice, for which the extended-Born method appears to be a particularly attractive solution method.
Having demonstrated the accuracy of the extended-Born algorithm for this problem class, there are several directions for future research. For example, we are investigating the use of the extended-Born method in inverse-scattering problems [18] . Furthermore, the extended-Born computed EMI signatures are also appropriate for an optimal Bayesian detection algorithm [1] .
